INTRODUCTION
Bilateral permanent childhood hearing loss (PCHL), which occurs in 1 to 2 per 1000 newborns, 1,2 has major negative impacts on children's development [3] [4] [5] thereby incurring high societal costs. 6 Therefore, several program-based studies [7] [8] [9] that showed a retrospective association between earlier identification and better preschool language, despite methodological limitations, 10 have driven widespread implementation of universal newborn hearing screening (UNHS). Although the 2001 US Preventive Services Task Force (USPSTF) systematic review found good evidence that UNHS leads to earlier identification and treatment, it concluded that 'evidence to determine whether earlier treatment resulting from screening leads to clinically important improvement in speech and language is … inconclusive'.
Subsequent to the review, several population-based studies have examined the relationship of screening or early intervention with child outcomes. In the Wessex quasi-experimental study, Kennedy et al 11 compared language of 7-8 year-old English children with PCHL who were born in the mid-1990s in areas with and without UNHS. Exposure to UNHS had a significant positive effect on receptive language, but not expressive language or speech production.
Confirmation of PCHL by age 9 months (comprising 67% of screened and 27% of unscreened children) was associated with higher scores for receptive and expressive language, but not for speech production. As the study was conducted before modernization of English audiological services, and confirmation by age 9 months would be considered 'late' relative to current recommendations, 12 the impact of early intervention remains to be further investigated.
In contrast, Wake et al 13 reported on a community-based cohort of children with PCHL who were exposed to risk-based newborn screening in Australia, and found no significant relationship between age at diagnosis and speech and language outcomes at 7-8 years old.
The small number of children diagnosed before 6 months of age (n = 11) may provide inadequate power to evaluate an age effect. In a Canadian study 14 compared language abilities between screened and unscreened children aged 2 to 5 years, and did not find significant differences between groups. The finding may have been limited by the small sample size (n = 26 screened, 39 not screened).
In the Netherlands, Korver et al 15 compared language scores of Dutch children aged 3 to -5 years born in UNHS and non-UNHS regions; and found no significant difference between groups. The study did not adjust for hearing loss severity, which has been negatively associated with language outcomes in previous studies; 13, 16 and relied on parent reports without direct assessments of children's abilities. The effect of early confirmation of PCHL on language outcomes was not examined.
The 2008 update of the USPSTF review 17 and a recent review by Pimperton and Kennedy 18 confirmed that there was good evidence that UNHS leads to earlier intervention, defined by cut-off points at 6 months 7 and 9 months, 11 and improves language outcomes. The benefit of UNHS was smaller than that of early identification, presumably because of the failure of screening programs to screen the entire target population or to proceed promptly to identification of true cases among children screening positive for PCHL. 18 In A recent prospective study, the Longitudinal Outcomes of Children with Hearing Impairment (LOCHI) study, evaluated the effect of age at intervention on outcomes of a population-based cohort born between 2002 and 2007 in the states of New South Wales (NSW), Victoria (VIC) and Queensland (QLD) in Australia. All children with PCHL receive uniform post-diagnostic services administered by a national government-funded organization (Australian Hearing, AH) at no cost to families, but access to UNHS depended on whether state-funded UNHS was operating. 19 Through the service network, the LOCHI study enrolled children whose PCHL was identified through either UNHS or standard care. On average, better language at 3 years of age was significantly associated with earlier fitting of a cochlear implant (CI), but age at fitting of a hearing aid (HA) had a weak effect on outcomes. 16 Possibly, assessments at this young age might not provide sufficient scope for manifestation of the benefits of early intervention on language development. 14, 20 Although researchers who in previous studies have included sufficient observations have reported some benefits of early intervention for later language skills, their studies have not been powered to determine if the extent of the benefit varies with severity of PCHL. Here, we addressed this question by drawing on the 5-year language outcomes of the cohort in the LOCHI study.
We aimed to explore the following:
1. Effects of age at HA fitting by degree of hearing loss for children using HAs; and 2. Effects of age at CI activation for children using CIs.
We hypothesized that children who started amplification earlier would have better language, and the benefit would increase with hearing loss. Also, we hypothesized that children who received a CI earlier would have better language.
Our secondary aim was to examine the impact of UNHS on outcomes, separately for children using HAs or CIs. We hypothesized that, because access to UNHS decreases age at intervention (fitting of HA or CI), access to UNHS would improve outcomes.
METHODS

Study population
The participants were 350 children with PCHL and a comparison group of 120 children with normal hearing that was very similar to the children with PCHL with respect to age, sex, and socio-economic status (SES). In This study, we focused on the impact of intervention within the age range for which there is uncertainty about the effect of age of intervention, and we therefore excluded children whose device was fitted later than 3 years of age, and those whose long-term audiograms revealed a progressive hearing loss. The participants included children from the population-based cohort from three states in Australia who participated in the LOCHI study (see Introduction and Figure 1 ) and who had received by 3 years of age, a device of the same type (i.e. HA or CI) that they were using at age 5 years. This study was approved by the AH Human Research Ethics Committee.
Sampling
The AH national service network served as the sampling frame. 
Measures
Main outcomes measures [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] are summarized in Table 1 . Standardized measures of language, vocabulary, letter knowledge, speech production and oral reading were directly administered to children at age 5-6 years, by speech pathologists who were blinded, as much as possible, to age at intervention and hearing loss severity. Parents reported on their child's functional auditory performance in real life, language, and social skills. All measures are widely used for assessing development of children with normal hearing or PCHL, with known validity and reliability. The same test instruments and protocols were administered across all sites.
Insert Table 1 . These were used as predictors in regression analyses to maximally account for variance in scores so as to increase the sensitivity with which we can assess the impact of intervention timing or access to UNHS.
Statistical Analysis
The statistical analysis was done using R, version 3.0.2, 34 and Statistica, version 10. 35 All analyses used two-tailed tests, except where otherwise stated, with statistical significance set at p < 0.05.
Children unable to be directly assessed because of parent-reported or apparent disabilities or not using spoken English were assigned the poorest score observed for that test (receptive/expressive language: n = 33, 9.4%; vocabulary: n = 62, 17.7%; speech production: 
Outcomes by age at cochlear implantation for the CI group (Aim 2):
We performed multiple linear regression analysis, using the global score as dependent variable, with predictor variables as for the HA group, but we performed it with age at HA fitting replaced by age at activation of the first CI (log-transformed), and without the interaction between age at HA fitting and degree of PCHL.
Outcomes by screening status for the HA and CI groups (Aim 3):
Analyses for subgroups of users of HAs and CIs were as described above, but with age at intervention replaced by screening status (screened vs non-screened).
RESULTS
Figure 1 summarizes participant enrollment. Of the 728 infants who met inclusion criteria for
the LOCHI study, 545 (74.8%) families gave consent for participation. Participants were similar to non-participants with respect to age, sex, degree of PCHL, and SES. By 5 years of age, 472 were enrolled in the study, of whom 384 children had non-progressive hearing loss.
Of these, 350 completed the required evaluations. All except 3 completed at least one directly-administered test. Demographic characteristics of the cohort are shown in Table 2 .
Insert Figure 1 about here Outcomes by age at HA fitting and hearing loss severity for the HA group (Aim 1):
Children who received HAs earlier had better language outcomes. In addition, the regression model indicates that the effect of age at intervention increased as hearing loss increased (p = 0.035; 1-tailed). Table 3 gives the effect sizes associated with changes in age at amplification for different degrees of PCHL. Compared with amplification at 3 months, those who started amplification at 24 months had poorer language: -11.8 score points (95% CI: -18.7 to -4.8)
for 70 dB HL, and -6.8 score points (95% CI: -10.8 to -2.8) for 50 dB HL (see Figure 3 ).
These effects were observed after adjustments for nonverbal IQ, birth weight, additional disabilities, maternal education, sex, SES, and communication mode in a model that accounted for 74% of total variance in global score.
Insert Figure 3 about here Figure 3 . Adjusted global language scores by age at hearing aid (HA) fitting (logtransformed) in children using HAs at age 5 years. For display, children are grouped according to their BE4FA hearing loss in terms of dB HL. Data points are included for children who had 20 dB HL < BE4FA hearing loss < 40 dB HL in the first panel, 40 dB HL < BE4FA hearing loss < 60 dB HL in the second panel, and 60 dB HL < BE4FA hearing loss < 80 dB HL in the third panel. The points are adjusted with nonverbal IQ, birth weight, and SES set to the mean values of the entire HA group, no additional disabilities, and with maternal education, sex and communication mode set to university degree, female and oral respectively. In each panel, the regression line shows predicted mean score, and the shaded band depicts the 95% CI.
Table 3 about here
Outcomes by age at CI (Aim 2): Earlier age at CI activation was associated with better language at 5 years of age. Table 4 gives the effect sizes for variations in age at implantation.
Compared to those who first received CIs at age 6 months, children who received a CI at 24 months had lower scores by 1.4SD (-21.4 score points, 95% CI: -33.8 to -9.0). These effects were observed after adjustments for nonverbal IQ, additional disabilities, maternal education, and communication mode in a multilinear regression model that accounted for 70% of total variance in global score. Figure 4 shows the relationship between age at implantation and the adjusted global scores. 
Outcomes by screening status (Aim 3):
The effect size of hearing screening (screened vs non-screened) was 0.3 score points (95% CI: -4.2 to 4.9; p = 0.88) for children using HAs; and 6.4 score points (95% CI: -2.8, 16.2, p = 0.19) for children using CIs.
DISCUSSION Principal findings:
In This prospective study, we demonstrated a strong positive effect of early intervention on 5-year language in children with PCHL. The younger a child received intervention, the better the language outcomes. In addition, more substantial benefits of earlier access to useful hearing via both HAs and CIs were obtained by those with worse hearing. Earlier intervention, rather than access to UNHS, improved outcomes.
Strengths of the study:
This study has a sample size that was powered for investigating the effect of intervention timing on outcomes, separately for children using HAs or CIs; after allowing for the effects of multiple demographic characteristics. In this relatively large study, we include language data from 350 children fitted with HAs before 3 years of age, comprising 189 (54%) before age 6 months (at 5 years: 111 use HAs, 78 use CIs) and 161 between 6 months and 3 years (at 5 years: 125 use HAs, 36 use CIs). These data therefore constitute the best opportunity to examine how severity of PCHL influences the association between age at intervention and language outcomes. Because all children received uniform hearing services and high-level technology from a single government-funded agency, we controlled for variations in postdiagnostic services. We evaluated outcomes using direct assessments of children by researchers who were blinded to age at diagnosis and parent reports. previous studies that evaluated children at an older (Wessex study: 6-10 years) or a younger age (Netherlands study: 3-5 years).
Limitations:
While the sample size was large, the 48.1% (350/728) inclusion rate was lower than that in the Wessex study, 11 but it was comparable to the proportion with measured outcomes in the Netherlands study, 37 or a recent Australian study. 39 As age, sex, hearing loss and SES were similar in participants and non-participants, response bias seems unlikely. The participation rate may limit inferences on the merits of UNHS, but it does not affect conclusions on the impact of intervention timing on outcomes.
Although our regression models have accounted for a major proportion of variance in global scores, there remains about 30% of unexplained variance; so some combination of other factors and measurement error has also influenced outcomes. Future investigations of the effect of intervention timing on scores for specific assessments would also be worthwhile as age at intervention may affect some abilities more than others. 18 Finally, we excluded children with progressive hearing loss (n = 88), so the results will likely not generalize to that population.
Interpretation in light of other studies:
Our findings broadly agree with, but extends findings in recent reports. Earlier intervention improved language outcomes of children with PCHL. 18 Unlike previous studies that used cut-off points for early identification of 6 months 7 or 9 months, 11 suggesting a time window for language development to maximally benefit from intervention or a 'sensitive period' that ends before 1 year, 18 our data do not support this concept. Rather, the earlier intervention is provided (at least down to 3 months for HA and 6 months for CI) over the first 3 years of life, the better. Furthermore, the benefit increases as hearing loss increases (see Tables 3 and 4 ). The positive strong effect of early CI is consistent with results at age 3 years 16 and previous literature. 40, 41 Although access to UNHS led to earlier intervention (72% of the screened group commenced amplification before 6 months, compared to 32% in the unscreened group), and earlier intervention led to better outcomes, there is insufficient evidence to conclude that UNHS is beneficial. The diminished effect size of UNHS compared to that of age at intervention is likely because even though UNHS maximizes the opportunity of early intervention, not all screened children commenced amplification early, and not all unscreened children commenced amplification late (see Table 2 ).
The present findings, consistent with a recent review of evidence, 18 have important implications. First, timely device-fitting and educational support needs to follow UNHS to ensure earlier access to hearing, communication and language development. 42 Second, research needs to focus on post-diagnostic intervention to capitalize on early detection. Third, future follow-up of the existing cohort could evaluate whether the long-term language outcomes improve as the age at intervention decreases. confirm, or otherwise, the individual and societal benefits of early intervention made possible by UNHS.
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CONCLUSION
In This study, we show that it is vital to implement a seamless clinical pathway from screening to diagnosis to intervention (fitting HA or CI) so that the opportunity offered by UNHS to improve language development can be captured. Further, the significance of early implantation highlights the importance of vigilant monitoring of early outcomes with amplification so that children at risk for language delay can receive CIs at the earliest possible age.
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